Introduction
A 654 base-pair segment of mitochondrial DNA encoding the N-terminal half of cytochrome C oxidase subunit 1 has been proposed as a barcode to identify animal species [1] . This DNA barcode is indeed very effective at discriminating closely related and frequently cryptic species [2] [3] [4] . Barcode differences greater than 2% typically correspond to different biological species [1, 5] , although many exceptions have been reported [6] . A large library of over 5 million barcode sequences covering nearly 260 000 species has been assembled [7] . In addition to species identification, these barcodes have been successfully used for species discovery [8] [9] [10] and for association of males and females of animals with marked sexual dimorphism [11] . However, it has become clear that due to exchange of mitochondria between species [12] , reliance on the COI barcode as a sole species identifier might be misleading [13] [14] [15] . In butterflies, one of the most striking examples of mitochondrial introgression is revealed in the genus
Results and discussion (a) Calycopis COI barcode conundrums
Comparison of COI barcodes of Calycopis cecrops, a common eastern USA hairstreak [18] , revealed that several specimens from many states including Florida, Ohio, West Virginia, New Jersey, Maryland, Alabama and Louisiana did not group together with the rest of C. cecrops and C. isobeon (figure 1) due to a 2.6% sequence difference. These atypical barcodes were more similar (within 1%) to barcodes of other Calycopis species from Mexico and Costa Rica. To investigate whether the cecrops-like specimens with atypical barcodes represent a third species of Calycopis in the United States, we determined COI barcodes or barcode regions (ID tags) of 128 Calycopis specimens from across North and Central America and retrieved two additional sequences from GenBank. The majority of the sequenced barcodes were of the cecrops/isobeon type, but 16 specimens (approx. 17% of C. cecrops) from multiple locations in eastern USA had atypical barcodes (electronic supplementary material, table S1). In most of these localities, Calycopis with typical and atypical barcodes coexisted, and some were collected on the same day.
Comparison of wing patterns of C. cecrops with typical and atypical barcodes did not reveal obvious differences (figure 2a; electronic supplementary material, figure S1): both possessed wide red discal bands on their ventral wing surface; and males had reduced blue areas on their dorsal hindwings. Moreover, male genitalia of specimens with atypical barcodes showed no meaningful differences from C. cecrops with typical barcodes (figure 2b; electronic supplementary material, figure  S2 ). Thus, we did not find morphological support for distinctness of Calycopis with atypical barcodes, in contrast with our Hermeuptychia work [9] . However, it remained possible that these Calycopis are a cryptic species, which may differ from C. cecrops in aspects other than wing patterns and genitalia, such as caterpillar morphology and food source, similarly to Astraptes [8] . Alternatively, barcodes of Calycopis may have experienced introgression. Figure 1 . Localities of specimens and their COI barcodes. Localities are shown for all barcoded specimens of C. cecrops (circles) and C. isobeon (squares), and specimens of C. quintana and C. bactra with complete genomes (star, the same locality for both). Localities where specimens with atypical barcodes (for cecrops/isobeon) were present are shown in red. A distance dendrogram built from the barcodes is shown in the middle, and alignment of barcodes with invariant positions removed is on the right. The most frequent nucleotides at each position are not shaded, next most frequent is shaded red, and the third is shaded green. Positions are numbered above the alignment. The last line indicates position in a codon. Protein sequence with invariant positions removed is shown to the right after 'j'. Specimens with 'NVG-' numbers are sequenced in this study and GenBank accession is given for others. Specimens with complete genomes are marked with a dot to the right of the name and a number (1 to 27) that points to locality of the specimen on the map. (Online version in colour.)
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In addition, neither C. cecrops nor C. isobeon clustered phenetically in the barcode distance dendrogram (figure 1b), and their barcodes revealed several haplotypes, all very similar to each other (figure 1c). In all barcoded C. isobeon specimens, position 84 was C, while the majority of C. cecrops had 84T. At position 561, most C. cecrops specimens have A and most C. isobeon specimens show C. However, there were several C. cecrops-like specimens, mostly from Florida and Texas, with 84C and 561C, similar to C. isobeon. It is challenging to distinguish C. cecrops and C. isobeon by wing patterns and genitalia [17] (electronic supplementary material, figures S2 and S3). Therefore, it is possible that some of the C. cecrops-like specimens might have been C. isobeon, which would significantly expand its known distribution range.
(b) Complete genomes of Calycopis
Comparison of nuclear genes could explain observed irregularities in mitochondria. Previously, only a couple of nuclear genes were utilized in such comparisons [16, 19] . However, most of the nuclear genes do not have the phylogenetic signal to separate close species [20, 21] and they can exchange between species just like mitochondria [22] . A small number of nuclear genes may be insufficient to differentiate between introgression and genuine emergence of a new species. Therefore, we sequenced complete genomes of 27 Calycopis specimens (marked with dots and numbered in figure 1b) of four species (electronic supplementary material, figure S3 ). Two species are from the United States: C. cecrops and C. isobeon. For C. isobeon, in addition to seven specimens from the USA, we also sequenced a specimen from Mexico and two specimens from Costa Rica (type locality). Among 15 sequenced C. cecrops specimens, two (from Ohio and West Virginia) possessed atypical barcodes. Two other species examined were C. quintana and C. bactra, one specimen of each, both from Belize. The barcodes of C. quintana are only 0.5-1% different from the atypical barcode of C. cecrops, but about 3% different from C. cecrops typical barcode. Calycopis bactra is a common Central American species with barcodes differing by more than 2.5% from the other three sequenced species of Calycopis.
The statistics for these genomes are in electronic supplementary material, table S2. The reads from each specimen cover the genome approximately 12.6 + 2.1 times with two exceptions: specimen NVG-3306 was used to assemble the reference genome of Calycopis and was sequenced at a much higher coverage (80.2-fold); specimen NVG-1872, despite being rather recently collected (1980), contained only short DNA fragments and failed to produce sufficient data (the final coverage of 0.33-fold). The genomes for the rest of the C. cecrops specimens obtained by mapping are 88.7 + 1.8% complete, and the genomes for C. isobeon specimens are 83.1 + 2.7% complete. The genomes of C. quintana and C. bactra, which are more distantly related to the reference species C. cecrops, obtained by mapping and SNP calling, are less complete (81% and 79%, respectively). The portion of genomic regions that cannot be obtained in this way is related to the divergence between specimens and between species, leading to failure in aligning the reads properly to the reference genome. By contrast, the coding regions are more conserved between individuals and between species, and thus the coding regions (total of 20 533 236 bp consisting of 15 456 genes) obtained with this strategy are rather complete (96.7 + 1.6%) for all species.
Seven specimens were collected in 2015 and preserved in RNAlater within several minutes after capture, ideal for genomics work. Others ranged from stored dry in a 2208C freezer (three specimens from 2014) and at room temperature in glassine envelopes (two specimens from 2013) to collected from 1959 to 2004 and pinned in museum collections. While genome quality generally deteriorates with specimen age, even the oldest specimen collected in November of 1959 (NVG-3034 from Costa Rica) yielded a genome of good quality (75.6% complete over the entire genome and 91.3% complete for the coding regions). Complete mitochondrial genomes of these specimens revealed a picture similar to that from COI barcodes. Calycopis isobeon and C. cecrops with typical barcodes did not differ strongly from each other, although all typical C. cecrops mitochondria clustered together in the tree (figure 3b). As with COI barcodes, C. isobeon sequences were not monophyletic. Mitochondria of the two specimens with atypical barcodes (red in figure 3b ) clustered with the C. quintana.
However, a tree constructed from all coding regions in nuclear genomes was different (figure 3a). First, both C. cecrops and C. isobeon were monophyletic with a large divergence between them (blue and green branches, respectively): (i) the length of internal branches connecting the clades of C. cecrops and C. isobeon in the phylogenetic tree is 0.00885, suggesting that about nine positions out of 1000 have changed between the ancestors of C. isobeon and C. cecrops, respectively (this distance is larger than the values we observed in other sisterspecies pairs [23, 24] ); (ii) the interspecific divergence between C. cecrops and C. isobeon (1.46 + 0.13%) is much higher than the intraspecific divergence within C. cecrops and C. isobeon (0.87 + 0.12% and 1.05 + 0.19%, respectively). Second, the two C. cecrops specimens with atypical barcodes clustered deeply within C. cecrops clade (red in figure 3a ) and grouped with the specimen from the closest locality (USA: Delaware). The C. quintana branch is well separated from the cecrops/ isobeon clade. In summary, the nuclear genome tree matches expectations from specimen morphology, whereas the mitochondrial tree does not. These results strongly suggest that rather than being a separate species, Calycopis specimens with atypical COI barcodes belong to C. cecrops, which is in agreement with their genitalia morphology and wing patterns.
(c) Possible scenarios of mitochondria introgression
To test whether the differences in mitochondrial DNA can be explained by the differences in mutation rates rather than introgression, we calculated the likelihood of observing the current mitogenomes assuming only vertical descent (i.e. constraining all species to be monophyletic; RAxML, model: GTRGAMMA). The likelihood of this tree is significantly smaller ( p-value , 0.0001) than the likelihood of the tree obtained without constraints on species monophyly. Retention of possible ancestral mitogenome dimorphism (typical and atypical mitogenomes) in C. cecrops is unlikely due to very strong (within 1%) similarity between atypical mitogenomes of C. cecrops and mitogenomes of C. quintana, a species not very closely related to C. cecrops.
The lack of expected mitochondrial DNA differences between well-differentiated species C. isobeon and C. cecrops and lower variability of C. cecrops mitochondria (figure 3b) suggest introgression of mitochondria from C. isobeon into C. cecrops followed by the replacement of the C. cecrops original mitochondria, possibly due to some selective advantage. Alternatively, the majority of C. cecrops specimens may carry the original mitochondria of this species, and the lack of divergence from C. isobeon mitogenomes may be explained by slow evolutionary rate or severe population bottlenecks that reduced the genetic diversity.
The atypical mitochondria may have been introgressed into C. cecrops populations from C. quintana or other C. quintana-like species. However, broader sampling of specimens to include all the Calycopis species and major populations will be needed to clarify the exact origin of these atypical mitochondria. Interestingly, current geographical ranges of C. cecrops and C. quintana do not overlap. Similarly, the two Erynnis species that experienced introgression are also allopatric [16] . It is conceivable that the atypical mitochondria of C. cecrops may represent remaining true ancestral mitochondria of C. cecrops, and they introgressed into C. quintana. However, this scenario is not likely because the evolutionary distances between mitogenomes of C. isobeon and atypical mitogenomes of C. cecrops are larger than the distances from either of them to mitogenomes of C. bactra, a species more distant from them both. Future genome-scale studies of additional Calycopis species and outgroups are in progress to further our understanding of introgression scenarios.
If the observed C. cecrops mitochondria represent introgression from C. isobeon (typical) and from C. quintana-like species (atypical), the original C. cecrops mitochondria were swept out of the population. Selective sweeps of mitochondria were studied in other species [25] [26] [27] . The best-documented cases are frequently associated with Wolbachia infection [25, 26] . Wolbachia is a maternally transmitted symbiont that causes cytoplasmic incompatibility. Uninfected females do not produce viable offspring with Wolbachia-infected males, while infected females are compatible with all males [28, 29] . Thus, the Wolbachia-infected females show selective advantage, spreading both Wolbachia and their mitochondria throughout the population.
Sequence reads obtained from Calycopis specimens did not reveal obvious Wolbachia-like sequences. However, many C. cecrops specimens contained copious sequences of bacteria in the Lactobacillaceae family. Several species in the Lactobacillaceae family are known gut symbionts [30, 31] . The detritus-feeding Calycopis may need certain gut symbionts for digestion or detoxification. Therefore, beneficial gut symbionts introgressed from another species would confer selective advantage. Many symbionts, like the well-studied Wolbachia, are maternally transmitted. The introgressed beneficial gut symbionts will show strong linkage with the maternally inherited mitochondria, helping the introgressed mitochondria to spread throughout the population.
(d) Introgression in nuclear genomes of Calycopis
Complete genomes allow us to search for the signs of introgression between the sequenced species in their nuclear genomes. In each of the 24 specimens (specimen NVG-1872 was excluded from this analysis due to its poor completeness) of C. cecrops and C. isobeon, we detected genomic regions with significant probability (false discovery rate 0.1, p-value 0.01 and length !500 bp) of introgression from other Calycopis species. Overall, the fraction of introgressed regions is small, below 5% (table 1) . Introgression is mostly between C. cecrops and C. isobeon, especially from the former to the latter. On average, 2.3% of each C. cecrops genome is from C. isobeon, while 3.4% of each C. isobeon genome comes from C. cecrops (table 1) . These numbers probably represent lower bounds due to our conservative criteria for introgression detection and high similarity between genomes of the two species. Owing to this high similarity, it is impossible to find introgression in genomic regions that are almost identical (9.8%) between C. cecrops and C. isobeon, but could have exchanged between the two species.
The length of the introgressed regions between C. isobeon and C. cecrops varies from several hundreds to more than 100 000 base pairs. Introgression occurs with interspecific hybridization events, and the introgressed regions from another species will appear shorter in further generations due to recombination with genetic material of the same species. The known recombination rate in butterflies is in the range of 3 cM Mb 21 to 6 cM Mb 21 [32] . Given such range of recombination rate, in silico simulation shows that 100 000 bp introgressed regions probably result from hybridization events hundreds to thousands years ago. The longest introgressed region is about 173 300 bp and it is in specimen NVG-4166. Among C. isobeon specimens, NVG-4166 is morphologically unusual, with ventral hindwing pattern resembling C. cecrops in the absence of a red spot by the black spot at the tornus (see fig. 2 in [23] ). Recent introgression with C. cecrops may explain this phenotypic similarity. The only other specimen with introgressed regions longer than 100 000 bp is C. isobeon specimen More likely from C. quintana compared with C. bactra and C. isobeon. It is possible that these regions are introgressed from other C. quintana-like species not included in this study.
rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20161735 NVG-3978. This specimen is collected in a locality (Texas: Dallas, near White Rock Lake) where both C. cecrops and C. isobeon occur and recent introgression is expected.
Introgression from either C. quintana or C. bactra into C. cecrops and C. isobeon is more limited (below 0.1%). It is important to note that although these regions are more likely to originate from C. quintana or C. bactra than from C. isobeon or C. cecrops, they may be introgression from other C. quintana-or C. bactra-like species that are not sampled in this study. The length of introgressed regions from C. quintana or C. bactra is also generally shorter, with the longest region reaching 10 000 bp, indicating more ancient introgression. Calycopis isobeon, especially more southern specimens, show more introgression from C. bactra, a common species sympatric with C. isobeon in Mexico and Central America. Most notably, we do not detect more nuclear introgression from C. quintana in the two C. cecrops specimens with quintana-like mitochondria than in other C. cecrops or C. isobeon specimens. This is understandable because the sequenced C. quintana is male and lacks the maternal inherited W chromosome. In addition, although our reference genome is from a female specimen, the W chromosome is probably not assembled because the W chromosome of Lepidoptera is known to contain mostly repetitive regions and is difficult to assemble [33] . The W chromosome is not yet assembled for any model organisms of Lepidoptera, including Bombyx mori [34] .
Analysis of introgressed coding regions from C. cecrops to C. isobeon reveals an abundance of transmembrane proteins (electronic supplementary material, table S3) such as sugar transporters, similar to what we observed in Phoebis sennae [23] . Transmembrane proteins, such as transporters, may function relatively independently from other proteins in the cell [35, 36] . Therefore, they could be fully functional in a different genetic background and are not likely to cause Dobzhansky-Muller hybrid incompatibility. Many introgressed genes are components of larval cuticle, which may be related to the similar phenotypes of the caterpillars of the two species.
Interestingly, the genes introgressed from C. isobeon to C. cecrops individuals are the most enriched in mitochondria-targeting proteins (electronic supplementary material, table S4). The mitochondria-targeting proteins encoded by the nuclear genome need to function together with the proteins encoded by the mitochondrial genome. The lack of divergence between the 'typical' C. cecrops mitochondrial sequences and C. isobeon mitochondrial DNA lowered the fitness barrier of transferring mitochondria-targeting genes from C. isobeon to C. cecrops. In the case that the 'typical' C. cecrops mitochondria are introgressed from C. isobeon, the C. cecrops mitochondria-targeting proteins may not be fully compatible with the proteins encoded by the C. isobeon mitogenome. In this scenario, introgression of mitochondriatargeting genes from C. isobeon to C. cecrops may be selected for after the mitochondria introgression event.
(e) Taxonomic implications
On a series of 15 C. cecrops and 10 C. isobeon specimens across their distribution ranges, we confirm that the two taxa are well-differentiated species. Nuclear divergence between C. cecrops and C. isobeon is much higher (1.46% interspecific divergence in the coding region) than within each species (0.87% for C. cecrops and 1.05% for C. isobeon). Nuclear introgression level between species is low (2-3%), suggesting reproductive isolation. Sequenced specimens of C. isobeon included two from the type locality (Costa Rica, near the southern limit of C. isobeon distribution), one from Mexico and two from the western limits (USA: Big Bend National Park). The nuclear tree (figure 3a) does not reveal a profound hiatus between them, suggesting that it is currently sensible to treat all these populations as a single biological species, C. isobeon. Similarly, C. cecrops genomes from across its distribution range from north (USA: Ohio, West Virginia, Delaware) to south (USA: Florida and Texas) clustered together. Despite being from the same locality (Texas: Dallas, near White Rock Lake), C. cecrops NVG-5197 and C. isobeon NVG-3978 cluster deeply within their respective species (figure 3a) and the fraction of introgressed regions detected in these two specimens is not higher than in other specimens.
Calycopis quintana was listed as a subjective junior synonym of C. isobeon [37] . However, as the nuclear genomes demonstrate (figure 3a), C. isobeon and C. cecrops are sister species, while C. quintana diverges from both of them. Additionally, the male genitalia of C. cecrops and C. isobeon are featured by similar shape of the labides in lateral view [17] : distal margin of the labides lateral lobes is convex, and ventral margin is shorter than dorsal (electronic supplementary material, figure S3 ). In ventral view the distal margin of labides is concave. However, C. quintana labides are shaped differently: their distal margin is convex, and the ventral margin is relatively straight and is longer than the dorsal margin in lateral view (electronic supplementary material, figure S2 , NVG-3029). In ventral view, the distal margin of labides is nearly straight. Calycopis quintana is smaller on average than C. isobeon and lacks areas of blue scales on wings above, characteristic of most C. isobeon specimens, especially females. Therefore, we reinstate C. quintana as a valid species.
Conclusion
We show that some Calycopis cannot be identified to the species level by their COI barcodes. Calycopis cecrops is associated with two distinct barcodes that differ by 2.6%. One of them is similar to the barcode of C. isobeon and another one is similar to the barcode of C. quintana. As evidenced by analysis of complete nuclear genomes that groups specimens in agreement with their morphology, the paraphyly of barcodes is the result of mitochondrial introgression. Our work cautions against the use of COI barcodes as a sole tool for species identification and discovery, and calls for more diligent analysis of either their morphology or their nuclear genomes. We give a definitive example of introgression, supported by complete nuclear genome sequencing that obscures the value of COI barcodes in particular and mitochondrial DNA in general for taxonomic work.
Material and methods (a) Experimental procedures
All experimental procedures were the same as the ones we reported previously [9, 23, 38] . Briefly, bodies of specimens collected in the field were preserved in RNAlater solutions; wings and genitalia were placed in glassine envelopes. For dry specimens collected previously, abdomens were used to extract genomic DNA as described in [9, 23] . Subsequently to DNA extraction, rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20161735 genitalia were dissected and photographed as described in [9] . Specimens were photographed with a D800 camera through a 105 mm f/2.8G AF-S VR Micro-Nikkor lens. Images were assembled and edited in PHOTOSHOP CS5.1. COI barcodes and their segments were obtained by Sanger sequencing after PCR amplification in 1 to 9 fragments depending on the specimen age as described in [9] .
The information about specimens used in this study is in electronic supplementary material, table S1. The genomes of specimens NVG-3033, NVG-3306, NVG-3307, NVG-3515, NVG-3348, NVG-4166, NVG-3978 and NVG-3431 have been obtained and reported in our previous publication. We obtained the genomes of additional 19 Calycopis specimens in this study and thus a total of 27 specimens are with whole genome sequences (as shown in figure 3 ). All the genomic sequence reads for these specimens are deposited at NCBI SRA database under accession SRP071639.
(b) Genomes of Calycopis specimens and phylogenetic analysis
We mapped the sequencing reads of all Calycopis specimens to the reference genome (including the mitochondrial genome) using BWA [39] and detected SNPs using the Genome Analysis ToolKit (GATK) [40] . We deduced the sequences for each specimen based on the result of GATK. Based on the gene annotations of the reference genome and the SNP calls, we derived the alignments of protein-coding sequences. We used two sequences to represent the paternal and maternal DNA in each specimen. Heterozygous alleles were randomly assigned to either paternal or maternal DNA. Alignments of all 16 456 nuclear protein-coding sequences and 13 mitochondrial protein-coding genes were concatenated to obtain an alignment of nuclear genes (20 533 236 positions) and an alignment of mitochondrial genes (11 181 positions), respectively. The two alignments were used to build both neighbour-joining trees with PHYLIP [41] based on the P-distances ( percentage of different positions) between specimens and maximal-likelihood trees with RAxML (model: GTRGAMMA and MTZOA, respectively). Bootstrap resampling was performed to assign confidence levels for nodes in the maximal-likelihood tree. The COI barcode dendrogram was obtained with BIONJ using P-distances [42] .
To estimate the likelihood of observing the mitochondrial DNA sequences under the assumption that mitochondria did not introgress between species, we constructed a phylogenetic tree of the mitogenomes using RAxML with the constraint on the tree topology that all species are monophyletic. To estimate statistical significance, the likelihood under this constraint is compared with the likelihood without the constraint on 1000 bootstrap samples of positions from mitogenome alignments.
(c) Estimating the fraction of cross-contaminating reads in specimens
We extracted the sequencing reads that were mapped to the COI barcode region in each specimen and compared their sequences with the barcode sequence of every Calycopis specimens in our dataset. We considered a read to be possible contamination if it showed higher similarity to the barcode sequences of other specimens. For each specimen, the fraction of such possibly contaminating reads in all the reads mapped to the COI barcode was determined (electronic supplementary material, table S2). The fraction of contaminating reads in each specimen is below 2% with an average of 0.8%, which allowed us to estimate the possibility of false detection of introgressed region due to cross-contamination. We artificially introduced no more than 2% cross-contaminating reads from different species to each specimen and performed the same procedure to detect inrogressed regions in the genome (discussed below). This low level of cross-contamination did not result in any false detection of introgression in mitochondrial genome. Although it did occasionally result in false detection of nuclear genome introgression, the rate of this error is below 1 Â 10
27
. This error rate is far below the level of introgression we detected in each specimen (1.5-5.1%), therefore the little amount of cross-sample contamination would not affect our conclusions.
(d) Detection of nuclear introgression
As observed in the human population, introgression from other species (such as from Neanderthals to modern humans) frequently appears as rare alleles showing linkage disequilibrium [43] , and mitochondria of C. cecrops fall in this category. Our approach uses three properties of introgressed regions. First, an introgressed region in a specimen should be more similar in sequence to another species than to most other specimens of its own species. Second, introgressed alleles are usually less common. Third, a different evolutionary scenario that can cause a certain allele in one species to be more similar to the alleles in another species is incomplete lineage sorting (ILS). ILS happens during speciation, but introgression is a more recent event that happens after speciation. Therefore, introgressed alleles will show higher linkage disequilibrium compared with those originated from ILS.
The speciation time for several pairs of butterfly sister species [20, 23] dated to about one million generations ago. Sequence divergence between the Calycopis species is larger than that between those species. Therefore we estimated their speciation time to be one to several million generations ago. Recombination rate in Lepidoptera is 3 -6 cM Mb 21 per generation [32] , and thus there should have been three to six recombination events per 100 bp after 1 million generations. Therefore, the SNPs inherited from the ancestral population are expected to show linkage over a very short range: no more than 300 bp based on our simulation of recombination. Therefore, if alleles that are more similar to other species are linked over longer ranges, it suggests that they arise from introgression rather than ILS.
We divided each scaffold of at least 1000 bp into 100 bp windows. For each specimen and in each 100 bp window, we calculated the difference in log-likelihood for its sequence to be sampled from another species j, and the log-likelihood for it to be from its own species i. The log-likelihood difference over this 100 bp window is the sum of log-likelihood differences for each position. At each position, the log-likelihood difference for a certain nucleotide k (A, T, G or C) to be sampled from species j but not species i is defined as
where C kj is the count of nucleotide k in species j at this position; C ki is the count of nucleotide k in species i at this position; f k is the average fraction of nucleotide k among all species; and Cps i and Cps j are the pseudo-counts to avoid zero likelihood when a certain nucleotide is lacking in a species. The pseudo-count for species i is defined as
where n is the number of possible nucleotide types observed in all species at this position. Each specimen may have two possible nucleotide types at each position (heterozygous). In that case, the nucleotide type showing a higher log-likelihood difference is taken because a specimen does not have to be (and is even less likely to be) homozygous in the region with introgression.
For convenience, we term this log-likelihood difference as an introgression score. In genomic regions that have not significantly diverged between species, the introgression scores will be affected by errors or mutations in individual specimens. To avoid overestimation of introgression, we assign average introgression scores over the whole genome to windows in weakly diverged (average divergence less than 0.5%) genomic regions. The introgression scores are mostly negative, because each specimen is more similar to other specimens of the same species in most of its genomic regions. Windows with positive scores are candidates for introgression. In each scaffold, adjacent candidate introgressed windows are joined into segments that maximize the sum of introgression scores over the window to be joined.
To assign a p-value to a potentially introgressed segment, we divide it into blocks of 100 bp and shuffle these blocks between specimens in the alignment to produce a random distribution of introgression scores. The p-value is calculated as the fraction of shuffled samples with higher introgression score than the one computed from the non-shuffled alignment. Only segments with p-value lower than 0.05 were considered for further analysis.
Some segments show introgression from more than one species. They are assigned to the most likely species indicated by a higher introgression score. To reduce false positives due to the large number of genomic segments being tested, we performed false discovery rate tests. For each specimen, we sorted the segments possibly introgressed from a certain species by their p-values, and from the top of the sorted list, the false discovery rates were calculated as
where Nt is the total number of 100 bp windows for which the introgression scores can be calculated and Nc is number of 100 bp windows in the segments with lower p-values. Once the Q-value reaches 0.1, segments with higher p-values are considered failing the false discovery rate test. Segments with p-values lower than 0.01, Q-values lower than 0.1 and length of at least 500 bp were considered as introgressed.
Protein-coding genes that overlap with introgressed segments in over 25% of their base pairs in the exons were considered to be introgressed genes. Their functional properties were studied using GO terms. The enriched GO terms associated with these introgressed genes are identified using binomial tests: m ¼ the number of introgressed genes that were associated with this GO term in all specimens, N ¼ number of introgressed genes in all specimens, p ¼ the probability for this GO term to be associated with any gene family.
Data accessibility. The sequencing data are deposited to the NCBI SRA database under accession SRP071639.
